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ABSTRACT 

This program was undertaken to investigate the properties of dense gaseous 

electrolytes in relation to their application to energy conversion. Ammonia 

was used as the principal solvent due to its favorable critical properties. 

It was established that electrolytes using gaseous ammonia solvents are 

well behaved under equilibrium conditions. A typical dynamic process, the 

plating of silver from a silver nitrate ammonia-solution, was used to study 

the differences in liquid electrolyte-electrode and dense gaseous electrolyte- 

electrode interactions. Measurements were also made of the conductivity of 

dense gaseous s i lver n i trate-ammon ia solutions. These measurements were 

carried out in conjunction with theoretical studies o f  the nature of dense 

gaseous electrolytes. The solvation of Cs and the ionization of the salt 

cesium chloride in ammonia were subjected to a detailed theoretical examina- 

+ 

t ion. 
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I NTRODUCT I ON 

As early as 1878 to 1880, Hannay and Hogarth") showed that salts in 
0 gaseous methyl alcohol are solvated at temperatures as much as 100 above 

the critical point of the solution (24OOC). The temperature was limited 

by the apparatus; there was no evidence of cessation of solvation at the 

highest temperatures attainable. Hence, solvat ion of ions by solvent 

molecules is not a critical phenomenon, but one that extends indefinitely 

into the dense-gas region. It was subsequently shown that other solvents, 

including water, exhibited ionizing power in the dense gas state (2 1 . 

Recently, Sourirajan and Kennedy(3) have shown that fhe solubi 1 ity of 

sodium chloride in gaseous water increases with temperature and pressure, 

and that the limitation on attaining even higher solubilities than they 

obtained at 7OO0C (26.4% by weight) was due to limitations o f  their 

apparatus. They conclude that the solubilities would increase continuously 

at still higher temperatures and pressures until one obtains a one hundred 

per cent gaseous sodium chloride phase. 

Fogo, et have measured the conductivities of NaCl in supercritical 

steam. The measurements covered a rather restricted range of experimental 
I 

conditions, but the results are suggestive of exceptionally good electrical 

conductivity at temperatures and electrolyte cqncentrations somewhat beyond 

the range of their investigations. Mobilities, degrees of dissociation, 

and solubilities all increase with increasing temperatures in the liquid 

state until the liquid densities decrease too much so that the dielectic 

constant fa1 IS off. 
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Although gaseous electrolytic solutions have been studied for 85 years (1 ) , 

well known. Nontheiess, one practical industrial production process (5 1 
they have not been discussed in text books, and are therefore not generally 

uses dense gaseous aqueous solutions in manufacturing quartz crystals by 

hydrothermal. synthesis at about 40OoC. 

because the solubility of SiO, in gaseous water is sufficiently high so that 

the rate of  crystal growth is rapid enough to be useful. A few dozen other 

refractory minerals have also been synthesized in the laboratory by this 

technique. 

This process is practical industrially 

This program of study was undertaken to extend the knowledge of dense 

gaseous electrolytes and provide information upon which to base practical 

applications. Of particular interest are power conversion applications where 

gaseous electrolytes can provide higher operating temperatures, lower 

electrolyte resistance and gravity independence. Also of interest are 

.some diffusion limited applications such as special deposition processes. 

The results of this program have, for the most part, been prepared as 

pub1 ications and submitted to various journals. This report consists of 

published papers, submitted papers and papers prepared for submission along 

with supporting material. 
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THE BEHAVIOR OF AMALGAM CONCENTRATION CELLS USING 

A DENSE GASEOUS AMMONIA ELECTROLYTE' 

by 

Edward B. Graper and Sam N a i d i t c h  

U n i f i e d  Science Associates, Inc., Pasadena, C a l i f o r n i a  91105 

So lu t ions  o f  s a l t s  and metals i n  dense gaseous so lvents  such as 

water and ammonia o f t e n  e x h i b i t  l i q u i d - l i k e  p roper t ies .  Thus, 

gaseous water can be an exce l l en t  solvent f o r  sodium c h l o r i d e  

and produces so lu t ions  which a re  e l e c t r o l y t i c ( 2 ) .  

gaseous sodium-ammonia so lu t ions  e x h i b i t  c o n d u c t i v i t i e s  and co lo rs  s i m i l a r  

t o  those o f  l i q u i d  so lu t ions(3) .  

these so lut ions,  such a s  the  absence o f  surface tens ion and the  p v t  

re la t ions ,  a re  gas- l ike.  The present experiments were undertaken t o  see 

whether electrochemical reduct ion and ox ida t i on  processes a t  e lect rode-  

dense gaseous so lu t i on  i n te r faces  are  we l l  behaved as i n  the  l i q u i d  s t a t e  

o r  whether they e x h i b i t  gaseous proper t ies .  The cha rac te r i za t i on  was 

c a r r i e d  out by measuring the  emfs o f  c e l l s  over an appreciable range o f  

temperature w i t h  e l e c t r o l y t e  i n  the l i q u i d  and dense gaseous s tates.  

( 1 )  

S i m i l a r l y  dense 

On the other  hand, some p roper t i es  o f  

The c e l l  couples f o r  these s tud ies had t o  use a common e l e c t r o l y t e  t o  

avoid gaseous j m c t i o n s  s ince i t  would be d i f f i c u l t  t o  mainta in  two 't 

h a l f  c e l l s  under d i f f e r e n t  pressures w i t h  an adequate e l e c t r o l y t i c  

conducting path between them. O f  such j u n c t i o n - f r e e  ce l l s ,  amalgam 

concentrat ion c e l l s  were chosen since, i f  a l l  o f  t he  

* Th is  work was supported by NASA under Contract NAS7-326. 

H The gaseous equiva lent  t o  l i q u i d  j unc t i ons .  
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processes occurr ing i n  a c e l l  are reversible, the s ta te  o f  the elec- 

t r o l y t e  should not a f f e c t  the emf; t ha t  is, 

I I I  

Na(x2 i n  Hg) = Na(x2 i n  Hg) ( 1 )  

-ENF = nRT In(a"/a ' )  (2) 

- 
and 

where a l l  is the a c t i v i t y  o f  Na i n  amalgam A l l .  

The chemicals used i n  these c e l l s  were specia l ly  prepared t o  remove 

contamination,which increases the tendency t o  bubble when NH3 i s  

used i n  the l i q u i d  s ta te  w i t h  no fore ign atmosphere. Sodium (99.95%) 

was p u r i f i e d  by mu l t i p le  d i s t i l l a t i o n  and ammonia (99.99)  by passing 

i t  through an act ivated charcoal trap, then a l lowing it t o  stand as a 

l i q u i d  over sodium metal f o r  14 hours. 

ind iv idual  e lectrode compartments using a hypodermic syringe before 

the c e l l s  were sealed onto the bakeable glass vacuum system f o r  f i l l -  

ing. Above each c e l l  was located a sodium capsule and an ammonia 

condenser. The system was subjected t o  a m i l d  vacuum bakeout so tha t  

only a l i t t l e  mercury was evaporated. A f te r  cooling, the breakseal 

t o  the sodium capsule was smashed and the sodium d i s t i l l e d  i n t o  a 

cup below the condenser. Prepur i f ied  ammonia was then condensed onto 

the sodium and the so lu t ion  allowed t o  f low i n t o  the c e l l  a t  -78Oc. 

Mercury was added t o  the 

A f t e r  seal-off, the c e l l  was stored a t  low temperature f o r  about a 

day. This allowed the sodium t o  be leached out o f  the ammonia by 
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the  mercury, forming amalgams, and t o  react  w i t h  the  ammonia, forming 

s l i g h t l y  so lub le  sodium amide, leav ing  a co lo r l ess  so lu t ion .  The c e l l s  

were maintained under excess pressure i n  a temperature c o n t r o l l e d  s tee l  h igh  

pressure vessel dur ing  runs t o  minimize breakage. The temperatures were 

measured us ing a copper constantan thermocouple and a K3 potentiometer, and 

the emfs were measured us ing a C a l i b r a t i o n  Standards D C l l O B  e l e c t r o n i c  

potentiometer. 

The emfs f o r  several e lec t rode p a i r s  a re  shown i n  F igure 1 f o r  sodium mole 

f r a c t i o n s  ranging from IOm7 t o  over 0.18. 

amalgam a re  based on the  phase diagram o f  Hg-Na(4). 

one-phase amalgams were determined from t h e  emfs w i t h  two-phase amalgam 

e lec t rode h a l f - c e l  Is using equation (2). The experimental data c lose ly  

f o l l o w  the a n a l y t i c a l  curves f o r  amalgam concentrat ion c e l l s  ca l cu la ted  

us ing c o r r e l a t i o n s  of iverson and R e ~ h t ' ~ )  f o r  a c t i v i t y  c o e f f i c i e n t s .  

t he  absence o f  dev ia t ions  o f  t h e  data from the  a n a l y t i c a l  curve, i t  i s  con- 

cluded t h a t  dense gaseous NaNH2-NH 

The compositions o f  the  two-phase 

The compositions o f  t h e  

I n  

e l e c t r o l y t e s  a re  we l l  behaved. 3 
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Figure 1. The Emfs o f  Sodium Amalgam Concentration Cells Using Sodium 

Amide in Ammonia Electrolyte. 

The lines were calculated using the correlations of  lverson 

and Re~ht'~) and sodium concentrations of: 
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Reprinted from Journal of The Electrochemical Society 

Vol. 115, No. 9, September 1968 

Conductivity Cell for Use with Dense Gaseous Electrolytes 
S. Naiditch, R. A. Williams, and K. P. Luke 

Unified Science Associates, Inc., Pasadena, California 

The principal problem in the measurement of con- 
ductivities of supercritical electrolytes is that of con- 
taining the electrolyte at the high temperatures and 
pressures involved. One approach is to use a cell with 
sufficient strength to withstand these conditions. This 
generally involves. a massive steel cell having electrical 
insulators and a chemically inert lining to avoid re- 
action with the electrolyte (1). In our studies of 
supercritical electrolytes having ammonia (NH3) as 
the solvent, we have used a glass conductivity cell and 
avoided rupture of the cell by matching the internal 
pressure of the electrolyte with an external Gressure. 
The critical properties of ammonia (132.9"C, 112 atm) 
are convenient for this method, while the use of 
glass simplifies the handling of ammonia and leads to 
a cleaner system than could be easily obtained with 
a metal cell. 

In order to apply the required external pressure the 
cell must be placed in a high-pressure vessel and 
hence must be compatible with the interior dimensions 
of this vessel. In the present case the high-pressure 
chamber was 38 mm in diameter. The spatial re- 
strictions made the use of a d-a conductivity measure- 
ment attractive, as difficulties due to high interelec- 
trode capacitance would then be avoided. D-C mea- 
surements are best carried out using the four probe 
method (2) in which two electrodes produce a current 
through the electrolyte while two additional electrodes, 
positioned between the current carrying electrodes, 
are used to measure the voltage gradient set up in the 
electrolyte. The voltage measuring electrodes should be 
reversible in the electrolyte being investigated and no 
current should be drawn through them when the 
voltage is measured. 

The cell is shown in Fig. 1. It is divided into four 
electrode compartments joined by the central cylindri- 
cal section, hereafter called the conductivib tube. 
The two extreme electrodes (1 and 4) are used to 
carry the current, which flows through the conductivity 
tube. The intermediate electrodes (2 and 3) measure 
the voltage across the middle section of the conductiv- 
ity tube. This potential difference is measured through 
a pair of narrow slit apertures perpendicular to and 
encompassing the whole circumference of the con- 
ductivity tube. 

The end portions of the conductivity tube serve to 
reduce end effects and to allow the current density 
to become constant and uniform through the middle 
section. The use of slits rather than holes for the 
measuring electrode serves to average out any non- 
uniformities still existing, as well as being much 
narrower for the same area. The cell constant is 
therefore geometically well defined and can be taken 
as equal to K = 4 U  (ndz) where L is the separation of 
the measuring slits and d is the internal diameter of 
the tube. 

Key words: Conductivity cell, dense gaseous electrolytes, super- 
critical electrolytes, ammonia. 

The electrode leads are brought into the cell through 
tungsten-uranium glass seals. The electrode compart- 
ments are suitable for containing amalgam electrodes 
of the sort sometimes used in ammonia (31, in which 
case the tip of the tungsten feedthrough is left bare 
and completely immersed in the amalgam. If solid 
metal electrodes are to be used, platinum wire is 
fused to the tungsten. All of the tungsten and part of 
the platinum are covered with glass. The exposed 
platinum is then welded to the electrode material. 

The freeze cup was used in the sealing-off operation 
after filling the cell with ammonia. The ammonia was 
condensed in the cell and held there with the cell a t  
-78°C in a dry ice, alcohol bath. Liquid nitrogen was 
poured into the freeze cup causing a plug of solid 
ammonia to form in the capillary. The system above 
this plug was then pumped to a high vacuum and the 
cell sealed off by fusion of the capillary above the 
freeze cup. This procedure allows the seal off to be 
made under high vacuum, reducing the impurities 
trapped in the cell. Its usefulness depends on the 
properties of the solvent being used. 

The main problem in fabrication was making the 
conductivity tube, which must be sealed through the 
walls separating the electrode compartments without 
changing its internal dimensions. This was accom- 
plished by collapsing a piece of ordinary glass tubing 
over a drill rod of the desired diameter by heating 
the tubing while maintaining a partial vacuum inside 
it. With the tube hot and the drill rod still inside, 
glass flanges were built up on the tube at the desired 
locations. These flanges were then sealed to the outer 
tubing and became the walls between the electrode 

Fig. 1. 

EXPANSION BULB I I  
I 

CONDUCTAVlTY TUBE 

ELECTRODE 
FEEDTHROUGH 

3 

ELECTRODE 
COMPARTMENT 

Y 
Conductivity cell. Axis of cell is  vertical in use 
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Vol. 115, No. 9 CONDUCTIVITY CELL WITH ELECTROLYTES 

Table 1. Effect of slit width on cell constant 

K .  Krrs. KKCI, 
Cell d, cm L, cm W, cm mhos/cm mhos/cm mhos/cm 

A 0.4727 4.720 0.416 26.90 27.69 27.35 
B 0.4747 4.774 0.041 26.98 26.94 25.56 
C 0.4762 4.761 0.012 26.73 26.66 26.03 

compartments. The different sections of the conductiv- 
ity tube were held in alignment during cell fabrication 
by a carbon rod. When made in this way, the con- 
ductivity tube had a constant diameter over its whole 
length and could be made with very narrow voltage 
measuring slits. 

The choice of slit widths is governed by the desired 
accuracy of the cell constant, the maximum allow- 
able resistance between the measuring electrodes, and 
the requirement that good diffusion exist between 
the various parts of the cell. In order to examine the 
effect of slit width on the cell constant, three cells 
with different slit widths, W were built and the cell 
constants determined both geometrically and by meas- 
uring the cell resistance with known materials, namely, 
mercury and 1N KCl solution. Results are shown in 
Table 1. 

It is apparent that the slits in cell A, which are 
of about the same width as the diameter of the 
conductivity tube, are too wide for the geometrical 
cell constant to be meaningful. With cells B and C, 
however, the agreement between calculated and ob- 
served cell constants is good, particularly in the case of 
mercury. It should be noted that no special precau- 
tions were taken in the preparation of the KCl solu- 
tion, ordinary reagent grade K’C1 and commercially 
bottled distilled water being the ingredients used. 
The conductivity of mercury is much less sensitive to 
the precautions taken than KC1 solutions, and the 
values of the cell constant with mercury are there- 
fore considered much more accurate. The tests in- 
dicate that for conductivity tubes whose length is 
much greater than their diameter, the use of voltage 
measuring slits of width 10% of the conductivity tube 
diameter or less will give a cell constant which can 
be easily calculated to better than %%. 

The cell has been used for conductivity measure- 
ments of solutions of AgNO3 in NH3 at temperatures 
well above the critical point of NH3. Figure 2 shows the 
voltage drop measured across the conductivity tube as 
a function of the cell current obtained with a super- 
critical AgN03-NH3 solution and using electrodes of 
high purity silver wire throughout. The linearity of 
the graph indicates that the cell is well behaved. 

933 

-04c 

Fig. 2. Voltage drop across conductivity tube vs. cell current. 
Electrolyte is  AgN03 a t  0.02 moles/liter in dense gaseous NH3 at 
22 moles/liter and 151°C. Positive current flows upward. 

The small emf (- 1 mv) between the voltage probes 
may be due to surface impurities on the electrodes 
or to a small difference in the compositions of the 
electrolytes in the two electrode compartments. The 
cell used had 0.1 cm slits and a cell constant of 24 
em-’. Conductivity cells suitable for d-c measurements 
with dense gaseous electrolytes can thus be fabricated 
with the desired, geometrically defined cell constant. 
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'ELECTRODEPOS IT I ON OF s I LVER FROM DENSE GASEOUS 

SOLUTIONS OF s ILVER N ITRATE IN AMMONIA* 

by 
R. A. Wi l l iams and S. N a i d i t c h  

U n i f i e d  Science Associates, Inc., Pasadena, C a l i f .  91105 

ABSTRACT 

3 S i l v e r  was e lect rodeposi ted on p la t inum elect rodes from so lu t ions  o f  AgNO 

i n  NH a t  temperatures from -70°C t o  14OoC. 

AgNO a t  -78OC. 3 

The so lu t ions  were 0.036 molar i n  
3 

3 I n  the dense gaseous region, the concentrat ions o f  AgNO 

and NH 

The deposi t  was observed t o  become more and more c r y s t a l l i n e  i n  appearance 

as the temperature approached the c r i t i c a l  temperature o f  NH ( 1 3 3 O C ) .  A l l  

e lec t rodepos i ts  a t  temperatures above 133 C were character ized by e i t h e r  

were 0.018 and 22 m o l e s / l i t e r  respect ive ly .  3 

3 
0 

d e n d r i t i c  o r  needle- l ike growths on sharp edges and corners. These were not  

observed a t  lower temperatures. Both three 

observed, suggesting t h a t  the deposi ts were 

[ 100 ] direct ions,  respec t ive ly .  

and four  sided symmetries were 

growing i n  the [ 1 1  1 ] and 

'Work supported by NASA under contract  NAS 7437. 



I NTRODUCT I ON 

The process o f  e lec t rodepos i t ion  out o f  a dense gaseous e l e c t r o l y t e  i s  expected 

t o  have c h a r a c t e r i s t i c s  intermediate between comparable deposi t ion processes out 

o f  the gaseous and l i q u i d  phases. Th is  expectat ion i s  based on the continuous 

t ransformat ion o f  many propert ies,  as gas dens i t ies  a r e  increased, from gaseous 

t o  l i q u i d - l i k e .  Thus the d i e l e c t r i c  constant o f  dense gaseous water e x h i b i t s  a 

r a p i d  increase w i t h  increas ing densi ty") .  

gaseous water a t  750 C i creases w i t h  increasing solvent densi ty  u n t i l  i t  exceeds 

the  so lub i  1 i t y  i n  1 i q u i d  water a t  room temperature(2). However, i o n i c  mobi 1 i t i e s  

o f  dense gaseous e l e c t r o  y tes  a re  expected t o  be higher than those o f  l i q u i d s .  

* 
I n  addi t ion,  the dense gaseous medium i s  e f f e c t i v e l y  wi thout surface tension. 

Because o f  the absence o f  surface tension, hydrogen produced dur ing e l e c t r o l y s i s  

i n  a gaseous e l e c t r o l y t e ,  when desorbed, i s  expected t o  d i f f u s e  away from t h e  

cathode surface ra ther  than being trapped there as bubbles, Such bubbles may 

i n t e r f e r e  w i t h  the continuous growth o f  c r y s t a l l i n e  m e t a l l i c  deposi ts from a 

l i q u i d  e l e c t r o l y t e .  I n  general, f o r e i g n  mater ia l  appears t o  i n h i b i t  c o n t i n u i t y  

o f  c r y s t a l l i n e  growth out o f  both l i q u i d  and gaseous s tates.  Traces o f  impur i t ies  

have been shown t o  p lay an important r o l e  i n  determining r e l a t i v e  growth r a t e  i n  

aqueous so lut ions(4) .  

a chemisorbed surface which may i n t e r f e r e  w i t h  continuous c r y s t a l  growth. For 

The s o l u b i l i t y  o f  NaCI i n  dense 

0 

The use o f  a solvent which reacts  w i t h  metal may produce 

*However, Knapp and Sabersky has shown that,  under large temperatures d i f f e r e n t i a l s ,  
bubble- l ike f l o w  can be produced i n  dense gaseous C02 ( 3 )  . 
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t he  present experiments ammonia was chosen as the  so lvent  no t  on l y  because 

0 
o f  i t s  convenient c r i t i c a l  constants (132.9 C ,  112 atm), but  because of i t s  

chemical iner tness toward metals (e.g. Na a t  lgO°C i n  t he  absence of ca ta l ys ts ) .  

S i l v e r  n i t r a t e  was chosen as the  s a l t  because of i t s  s o l u b i l i t y  i n  l i q u i d  

ammonia as  well as the  i n s o l u b i l i t y  of the  e lec t rodepos i ted  metal i n  .ammonia. 

*Data t o  165OC have been reported(5), more recent unpublished data i n  t h i s  
labora tory  show the  same iner tness t o  190 C. 0 
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EXPERIMENTAL 

The ce l  Is (F igure 1 )  were made from 30 mm (O .D . )  b o r o s i l  i c a t e  glass tub ing  

and were about 8 cm long, exc lus ive o f  the  f reeze valve.  

o f  the c e l l s  ranged between 35 cc and 40 cc. 

The i n t e r n a l  volumes 

Three o f  the four  e lect rodes were 

used as cathodes wh i le  the  remaining one was used as the  anode. 

The anode was a p la t inum w i r e  o f  e i t h e r  0.4 o r  0.5 mm dia.  fused t o  a 0.75 mm 

diam. tungsten wi re.  The tungsten w i re  was brought i n t o  the ce l  through a 

uranium glass seal and the glass extended along the  w i re  t o  comp e t e l y  cover 

the tungsten and p a r t  o f  the p la t inum wire.  The glass-covered p a r t  extended 

1 t o  2 cm i n t o  the c e l l  wh i le  the exposed p la t inum wi re  extended another 4 t o  

5 cm. 

Several types o f  cathodes were t r i e d  but on ly  two proved t o  be usefu l .  The 

f i r s t  o f  these was a p la t inum w i r e  i d e n t i c a l  t o  t h e  anode. The second was 

made by c u t t i n g  the p la t inum w i r e  f l u s h  w i t h  the  feedthrough glass cover ing 

the tungsten and the lower p o r t i o n  o f  the p la t inum wire.  

l e f t  the end o f  the w i re  i n  a wedge shape. 

o f f  type cathode was wedge shaped, as was the end o f  the long w i re  type cathode. 

The w i re  c u t t e r s  used 

Thus t h e  exposed p a r t  o f  the cut  

Each c e l l  was prepared as fo l lows.  Reagent grade s i l v e r  n i t r a t e  was introduced 

i n t o  the c e l l  which was then sealed onto the vacuum system. The system was then 

baked out under vacuo a t  100 C f o r  an hour. Pumping continued wh i le  the  ammonia 

was being prepared. 

a c t i v a t e d  charcoal t r a p  and s tored overn ight  as a l i q u i d  over m e t a l l i c  sodium. 

0 

Tank ammonia (Matheson, 99.99%) was passed through an 
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The ammonia was then condensed 

w i t h  a d ry  ice-alcohol bath. When the  l i q  1 rose t o  a c a l i b r a t e d  mark  

on the c e l l ,  t h e  i n t roduc t i on  o f  ammonia was discontinued. The f i  

was located a t  5 6  o f  the  sealed-of f  c e l l  volume. 

contained 0.-036 N AgNO (NH ). 
3 3  

s o l u t i o n  would be 0.018 molar i n  AgNO and 22 molar i n  NH assuming t h a t  a l l  

o f  the AgNO remained i n  so lu t i on .  
3 

The s o l a t i o n  i n  the c e l l  was maintained a t  -78 C and l i q u i d  n i t rogen  poured 

i n t o  the  freeze cup above the  c e l l .  

subjected t o  thermal shock and s t r a i n .  A s o l i d  ammonia p lug  formed i n  the  

c a p i l l a r y  i n  the  f reeze valve. The p lug  was pumped t o  h igh  vacuum and the  

i n  the  c e l l ,  which was maintained a t  -78OC 

A t  -78OC, t h e  f i l l e d  c e l l  

When heated i n t o  the  dense gaseous state, the  

3 3' 
ilt 

0 

I n  t h i s  way the  e lect rodes were not 

c e l l  sealed o f f ,  , .  

The wi res on the  f i l l e d  c e l l  were soldered onto leads going through a head i n  

a h i g h  pressure vessel and the c e l l  placed there in .  External n i t rogen  pressure 

i ns ide  the  pressure vessel was used t o  keep the g lass under comflression thereby 

prevent ing the  ammonia pressure w i t h i n  the  c e l l  from rup tu r ing  the  g lass c e l l .  

The ex terna l  pressure was kept about 30 atm above the  pred ic ted  i n t e r n a l  

pressure(6) dur ing  heat ing o f  the  c e l l  and e lec t rodepos i t ion .  

"It i s  probable t h a t  a l l  o r  a t  l eas t  most o f  t he  AgNO 
t h e  dense gaseous phase. 
e l e c t r o l y t e  was comparable t o  t h a t  o f  t he  l i q u i d  a t  room temperature. The 
s i t u a t i o n  i s  s l i g h t l y  complex because w i t h  increas ing temperature the  amount 
o f  t he  e lec t rode exposed t o  the  s o l u t i o n  increases a s  the  s o l u t i o n  expands. 

remained i n  s o l u t i o n  i n  
The o v e r a l l  conductance o f  ?he c e l l  w i t h  the  gaseous 
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RESULTS 

The i n i t i a l  runs were done us ing the long cathodes a t  current  dens i t ies  o f  1 t o  

2 ma/cm f o r  from 600 t o  800 sec. 

increas ing ly  c r y s t a l l i n e  appearance as the  c r i t i c a l  temperature was approached. 

A t  -70 C the deposi t  appeared black, f l u f f y  and non-metal l ic .  

2 Deposits made f r o m  the l i q u i d  showed 

0 A t  15OC t h e  

deposi t  was smooth and "s i lvery",  g i v i n g  spect ra l  r e f l e c t i o n .  

deposit was "s i l ve ry ' '  o r  m e t a l l i c  i n  appearance but somewhat sparkly, suggesting 

some c r y s t a l l i n i t y  i n  the deposi t .  

A t  103OC the 

A t  temperatures above the c r i t i c a l  p o i n t  o f  ammonia, the deposi ts were much 

more c r y s t a l l i n e  i n  character, as can be seen from F i g .  2. Th is  shows t h e  wedge 

shaped t i p  and some o f  the c y l i n d r i c a l  body o f  a w i r e  type cathode. E lec t ro -  

deposi t ion was c a r r i e d  out  f o r  690 sec. a t  a current  densi ty  o f  1.6 ma/cm2 and 

a vol tage o f  0.5 V .  

c r y s t a l s  wh i le  a t  the t i p  a r e  several p r o j e c t i o n s  which are presumably s i n g l e  

c r y s t a l s  o f  s i l v e r .  These are i n  the form o f  four  sided square cy l inders  w i t h  

uni form cross sect ion over most o f  t h e i r  length but  s t a r t i n g  from a narrower 

base and ending i n  a pyramidal p o i n t .  

The deposit on the body appears t o  be made up o f  t i n y  

Figures 3 and 4 show photographs o f  much la rger  needles and dendr i tes grown on 

cut o f f  type cathodes. Because on ly  the  sharp, wedge shaped t i p  i s  exposed i n  

these cathodes, the dendr i tes tend t o  cover the e n t i r e  cathode and t o  r a p i d l y  

increase the e f f e c t i v e  cathode s i z e  as they grow. 

much la rger  dendr i tes i n  a shor ter  t ime. I n  t h i s  case the e lec t rodepos i t ion  was 

done a t  constant vo l tage ra ther  than constant current, the current  being al lowed 

t o  increase as the deposit, and hence t h e  e f f e c t i v e  e lect rode area, grew. The 

vol tages used were 1.05 v and 0.85 v, respect ively,  wh i le  the t o t a l  charges 

passed were 2.2 and 2.4 coulombs, respec t ive ly .  

Thus i t  was poss ib le  t o  grow 
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I n  Fig.  3 the  needle l i k e  growths a r e  up t o  6 mm i n  length.  Examination o f  t h e  

s t  growth w i t h  a low PO microscope reveals  t h a t  i t  co 

sided cent ra l  stem coming t o  a sharp p o i n t  a t  one end and h 

covered w i t h  short, stubby growths. These growths show both rectangular and 

hexagonal sy.mmetries wh i le  there a r e  a l s o  some longer, po inted branches, having 

three sides l i k e  the c e n t r a l  stem. 

has the c e n t r a l  stem completely covered w i th  branches growing perpendicular t o  

The dendr i te  shown i n  Fig.  4 i s  7 mm long and 

the stem i n  two perpendicular planes. 

the cent ra l  stem, examination under a low power microscope suggests t h a t  i t  

Although the  branches tend t o  obscure 

i s  four  sided w i t h  three-sided f e r n - l i k e  branches growing from the edges. 

I t  should be noted t h a t  dendr i tes o f  t h e  type shown i n  F ig .  4 occurred only  i n  

one run wh i le  the needle l i k e  growths o f  Fig.  3 were obtained i n  several runs. 

The d i f f e r e n c e  i s  be l ieved t o  be due t o  the presence o f  impur i t ies  g i v i n g  r i s e  

t o  the dendr i tes.  
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DISCUSSION 

The results indicate that there is a strong tendency for crystalline needles 

or dendrites to grow from sharp corners on the cathode in gaseous AgNO -NH 

solution. The tendency for dendrites to grow on sharp corners was also found 

and explained by Arouete and Blurton in their studies of the electrodeposition 

3 3  

of zinc in silver-zinc batterie~'~). A detailed account of the electrocyrstall i -  

zation process has been given by Bockris and Damjanovic ( 8 )  . 

The observation of triangular and square symmetries suggests that the central 

stem and branches of the dendrites were growing by the propagation of screw 

dislocations in the [ 1 1 1  ] and [ 100 3 planes, respectively. Silver 

dendrites have been grown out of aqueous solution at room temperature by 

Wrangler") who observed only a flat form of dendrite which he deduced to be 

growing perpendicular to the [llO] 

plane. 

similar form to that shown in Fig. 4. 

electrolyte (e.g. NH NO ) was added to the metal salt (AgNO ), and the current 

density was found to be an important factor in dendritic growth. In the 

present experiments, no supporting electrolyte or precautions regarding current 

plane with the branches in the [lll] 

With other metals (e.g. zinc) he also observed [loo] dendrites of a 

In these experiments a supporting 

4 3  3 

density were necessary, but needles or dendrites were obtained on sharp corners 

whenever electrodeposition was performed in the supercritical region of ammonia. 
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The tendency for continuous c r y s t a l  growth i s  probably s t rong ly  i n h i b i t e d  i n  t h e  

l i qu id ,  p a r t i a l l y  due t o  hydrogen bubble formation i n t e r r u p t i n g  the  growth on 

a s ing le  c r y s t a l  face. It may a l s o  be t h a t  the  m o b i l i t y  o f  adsorbed ions over 

the  c r y s t a l  sur face i s  g rea ter  when the  e l e c t r o l y t e  i s  gaseous, thus a l l ow ing  

the  ions t o  ;each t h e  s i t e s  o f  lowest a c t i v a t i o n  energy so t h a t  t he  c r y s t a l  

s t r u c t u r e  i s  preserved as the  deposi t  grows. I t should be noted t h a t  as the  

c r i t i c a l  reg ion i s  approached the  d i f fe rences  between l i q u i d  and gaseous f l u i d s  

become small so t h a t  i t . i s  not  s u r p r i s i n g  t h a t  a s  low as 100°C the  surface 

becomes spark ly  due t o  small c r y s t a l s .  

The r e s u l t s  a re  somewhat s i m i l a r  t o  those o f  vapor depos i t ion  i n  t h a t  w i t h  

increas ing temperature, vapor deposi ts  tend t o  become more c r y s t a l l i n e .  

F ina l l y ,  the  ease w i t h  which f a i r l y  la rge  c r y s t a l l i n e  e lec t rodepos i ts  a re  

on from dense 

skers o r  

obtained i n  the  s u p e r c r i t i c a l  reg ion suggests t h a t  e lec t rodepos i t  

gaseous ammonia might prove t o  be a use fu l  process f o r  growing wh 

other  des i rab le  c r y s t a l l i n e  forms. 
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FIGURE TITLES 

Figure 1 .  C e l l  f o r  E lec t rodepos i t ion  from Dense Gaseous 
Ammonia Solut ions.  

F igure 2. Photograph o f  E lect rodeposi t  made a t  14OoC on 
Long Wire Type Cathode. 

F igure 3. Needles Deposited a t  140°C on Cut-Off Type 
Cathode. Lon es t  needle appears t o  have 
grown i n  [lllj d i r e c t i o n .  

Dendr i te  Obtained a t  141OC on Cut-Off Type 
Cathode Central Stem appears t o  have grown 
in [loo) d i rec t i ons .  

F igure 4. 
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r e  2. Photograph of the  Whiskers Deposited on End 

of P t  Cathode i n  Gel 1 E8 From AgNO /NH 

Solut ion a t  140'~. 
3 3  
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Figure 3. Photograph of  Whiskers Deposited i n  

Ce l l  El3 from AgNO /NH Solut ion a t  

140°C, 

about 5 mm, 

3 3  
Length o f  longest whisker i s  
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Figure 4. Photograph o f  a Tree Grown From Gaseous 

AgNO /NH 
The length of  the  t r e e  i s  about 6.5 mm. 

Solut ion a t  141°C i n  Cell E14. 3 3  
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THE CONDUCTIVITY OF AgNO IN LIQUID AND DENSE GASEOUS NH3 3 
AS A FUNCTION OF TEMPERATURE* 

R. A. Williams and S. Naiditch 

UNIFIED SCIENCE ASSOCIATES, INC., Pasadena, California 

The main work on dense gaseous electrolytes had been done with water as the 

solvent. The practical application of such electrolytes is limited due to 

the high critical temperature and pressure of water (37koC, 217.7 Atm). Ammonia, 

on the other hand, while not as strongly ionizing a solvent as water, has more 

convenient critical constants (133OC, 112 Atm) and is, in addition, less reactive 

toward metals than is water. Consequently, it i s  of interest as a dense gaseous 

solvent and the properties of dense gaseous ammonia electrolytes are in need of 

investigation. Silver nitrate was chosen for the present experiment because of 

its good solubility in NH 

electrodes in silver nitrate. The following reports a measurement of the con- 

and because of the high reversibility of silver 3 

ductivity of a solution of silver nitrate in ammonia over a range of temperatures 

including the liquid and dense gaseous region. 

The principal problem in supercritical experiments is containment of the dense 

gaseous solution. With ammonia, the critical temperature and pressure are suf- 

ficiently low that the solution may be contained in a glass cell under external 

pressurization. 

chemical inertness, and good electrical insulating properties of glass. The 

This pvocedure takes advantage of the ease of fabrication, 

*This work was sponsored by National Aeronautics and Space Administration 
under Contract NAS 7-437. 
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size and configuration of the cell, however, are limited by the internal dimen- 

sions and configuration of the high pressure system required. 

case, the special restrictions were such that the problem of interelectrode 

capacitance made the use of a DC method attractive. 

In the present 

It was decided to use the four-probe method('), in which two electrodes are used 

to produce a current through the cell while two others are used to measure the 

voltage drop across a known portion of the conducting electrolyte. 

electrodes may be allowed to polarize while the voltage probes should be reversible. 

The current 

The cell used for the measurements had a geometrically determinable cell constant 

and has been described in some detail elsewhere(2). 

diameter high purity silver wire about 3 cm long coiled inside the cell. 

nitrate was weighed and introduced into the cell through the filling capillary 

The electrodes were of 0.4 mm 

Silver 

and the cell sealed to a vacuum system and evacuated. 

sodium and allowed to stand as a sodium-ammonia solution for a few hours before 

Ammonia was condensed over 

being condensed into the cell. 

When a liquid, such as ammonia, is held in equilibrium with its vapor in a closed 

volume and heated to its critical point, the density of the liquid decreases while 

that of the vapor increases until they become equal at the critical point of the 

solution, or until either all the liquid evaporates or the liquid expands to fill 

the cell before the critical point is reached. For the present experiment, the 

cell had a volume of 30.2 cc and was loaded with 15.2 cc of NH 

this case, the liquid fills the cell below the critical temperature. The pre- 

dicted pressure and liquid volume as a function of temperat~re(~) are shown 

at -78'~. In 3 

in Fig. 1. During the experiment, the cell was kept under an external nitrogen 

pressure 30 atm in excess of the predicted internal pressure. 
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Conductivity measurements were made at intervals of 10°C from room temperature 

to 15OoC and back to room temperature, 

the current-voltage relationship across the geometrically defined portion of 

Each measurement involved determining 

the conductivity tube, 

in steps of 2pa. 

in one direction and then reversed. This procedure allows any static emf between 

the voltage probes to be averaged out. 

(0 to 20 mv) and was independent of current, changing only as the temperature 

This was done in each case for currents from 0 to 10 pa 

At each current, measurements were made with the current flow 

The static emf was found to be small 

was changed. It is believed that this emf was caused by differences in electrolyte 

concentrations between the voltage electrode compartments. In some cases, measure- 

ments were also made at 80 pa and 800 pa. 

voltage relationship remained linear throughout the whole range o f  currents used, 

It was always found that the current- 

. indicating that the cell was always well behaved. 

The measured equivalent conductivity is shown as a function of temperature on 

Fig, 2. 

low and are not shown. This is believed to be due to formation of a bubble in 

The ascending temperature points between 98' and 127OC were abnormally 

the conductivity tube. 

below the critical temperature. The equivalent conductivity behaves in a manner 

similar to that observed (Franklin and Kra~s'~)) for other salts in ammonia, 

The decrease in -h with increasing temperature reflects the decrease in dis- 
sociation due to decreasing dielectric constant as the solution expands. Above 

the temperature where the cell fills and the density of the solution becomes 

Such bubbles form very easily at temperatures slightly 
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een 

tempera tu re. 

The equilibrium constant 

can be calculated from the equivalent conductivity on the basis of the following 

assumptions. If concentration of s in the sol 

that interionic f 

is related to the ionization constant, K, and the co 

expression 

c A* 
I( = A ( A 0 - A )  0 

where A 

C was found from the calculated liquid volumes (See Fig. 1). 

additional conductivity measurements, was found from the known value at 

-33°C(5’ and the known values for the viscosity of ammonia. Assuming that the 

solvation states of the ions are essentially independent of temperature, A. is 

then given by 

is the equivalent conductivity at infinite dilution. The concentration 
0 

In the absence of 

0 

where n(T) is the viscosity of NH in micropoise. The viscosity was found by 3 
The K curve 
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lecting vibratio 1 ec exci t 

may be expressed theoretically in the form (7) 

= AT" (3) 

The value of n is equal to the total number of degre lational and 

rotational freedom for Ag and NO less the number of degrees of translational and 

rotational freedom for AgNO 

3 degrees of rotational freedom in addition to 3 degrees of translational freedom 

so that n = 6. The dissociation energyx, in the presence of the solvent is 

+ - 
3 

Assuming that the Ag' is solvated, each species has 3' 

assumed to be of the form 

x = E ~ / D  + x 

where Eo is the coulombic part of the dissociation energy in the absence of 

the solvent, D is the dielectric constant of the solvent, and x is the non- 

coulombic or electron exchange part of the dissociation energy. The non- 

coulombic energy is smaller than the covalent bond energy, since the latter 

is partially ionic. 

The dielectric constant of NH 

solutions of AgNO in NH has been measured at -33°C(9). Using this value 

(K  = 2.8x10-~ moledliter) plus our value at 25OC, values of A and x were 

obtained for assumed lo upper 1 imits of 4 ev for Eo' This 

lead to values nd x = 0.23 ev, respectively, indicating 

is known from -77.7OC to 35°C(8) and K for dilute 3 

3 3 

that the binding is more than 954 coulombic. The corresponding values for A 

were 8.25~10~ and 50.5. 

constants corresponding to the K curve on Fig. 2 were calculated and are shown 

Using these values in equation 3 ,  the dielectric 

on Fig. 3 along with the measured values of Grubb, et al. (8) 
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values o f  D between 1.3 and 1.6. I n  

the  constant dens i ty  reg ion i s  22 mo 

obtained f o r  D appear reasonable. 

t h e  

es/ 

It i s  seen t h a t  t h e  d i e l e c t r i c  constant i s  no t  very s e n s i t i v e  t o  t h e  assumed 

value of E Furthermore, t h e  p o i n t s  o f  Grubb, e t  a1 a r e  i n  best agreement w i t h  

t h e  Curve fo r -Eo = 7 G.Y. and suggest t h a t  an even la rge r  value o f  Eo should be 

assumed. It should a l s o  be noted t h a t  i n  the  constant dens i ty  region, D continues 

t o  f a l l  w i t h  increas ing temperature, presumably due t o  f u r t h e r  breaking o f  hydro- 

gen bonds. Also, t he re  is no apparent d i s c o n t i n u i t y  a t  t h e  c r i t i c a l  temperature 

o f  NH 

s t a t e  is continuous. F ina l l y ,  t h e  measurements o f  Keyes, e t  a1 

a t  dens i t i es  o f  1 t o  4 m o l e s / l i t e r  i n  the  100' t o  175OC temperature range y i e l d e d  

0. 

i n d i c a t i n g  t h a t  t he  t r a n s i t i o n  from the  l i q u i d  t o  the  dense gaseous 

(10) 
3' 

on ammonia gas 

present case, t h e  NH concentrat ion i n  

i t e r  so t h a t  t he  values o f  6 t o  9 
3 
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POLAROGRAPHY EXPERIMENT 

INTRODUCTION 

For each i o n i c  species present, inc lpd ing  d i f f e r e n t  so l va t i on  s ta tes  o f  t h e  

same ion, there  i s  a c h a r a c t e r i s t i c  p o t e n t i a l  above which ( i n  the  absolute 

sense) i t  w i l l  be ox id ized  o r  reduced, as the  case may be, and below which 

i t  w i l l  not. I t  i s  thus poss ib le  t o  i d e n t i f y  the  species present i n  a so lu -  

t i on ,  inc lud ing  d i f f e r e n t  so l va t i on  s ta tes  o f  the same ion.  

ment o f  d i f f u s i o n  l i m i t e d  cur ren t  f o r  a p a r t i c u l a r  species i t  i s  poss ib le  

t o  ob ta in  the  d i f f u s i o n  constant f o r  t h a t  species i f  the  concentrat ion i s  

known; o r  the  concentrat ion i f  the d i f f u s i o n  constant i s  known. 

From a measure- 

F ina l l y ,  even when no ions a re  being ox id ized  o r  reduced a t  the  DME, a small 

current  f lows. Because no ions are  being ox id ized  o r  reduced on the  DME, 

there  i s  e f f e c t i v e l y  an i n s u l a t i n g  layer  between the  mercury drop and the  

surrounding e l e c t r o l y t e .  

layer  which i s  c a l l e d  the  e l e c t r i c a l  double layer .  The mercury drop and 

surrounding e l e c t r o l y t e  thus form the  two p la tes  o f  a capac i to r .  A s  t he  

mercury drop grows, the  capacitance increases, r e q u i r i n g  a cur ren t  t o  f l o w  

t o  mainta in  same vol tage across i t .  Th is  i s  the  res idua l  cur ren t .  From a 

measurement o f  the  res idua l  current, t he  d i f f e r e n t i a l  capaci ty  o f  t he  e lec -  

The vo l tage app l ied  t o  the  c e l l  occurs across t h i s  

layer  can be obtained, which can be i n te rp re ted  i n  terms o f  t r i c a l  double 

cond i t ions  a t  

i d e n t i f y  t he  

the  same ion, 

t he  surface o f  t he  DME. Thus a polarographic exper 

on i c  species present, i nc lud ing  d i f f e r e n t  so l va t i on  

g i ve  the  d i f f u s i o n  constant o r  the  concentrat ion o f  

species, depending upon which i s  known, and g i ve  in fo rmat ion  abou 

ment can 

s ta tes  o f  

each 

the  

e l e c t r i c a l  double layer  a t  t he  e lec t rode surface. Such information, i f  

obtained w i t h  the  e l e c t r o l y t e  i n  the  gaseous state, would be extremely 

i n te res t  i ng and p e r t  i nent t o  the  present program. 
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BACKGROUND 

i s  t he  branch o f  electrochemi 

o f  the  p o t e n t i a l  of an e lec t rode i n  an e l e c t  

t h a t  f lows through i t .  Polarography i s  the  branch o f  voltammetry i n  which 

a dropping mercury e lec t rode i s  used as the  i nd i ca to r  e lect rode.  The drop- 

p ing  mercury e lec t rode cons is ts  o f  a very f i n e  glass c a p i l l a r y  w i t h  one end 

connected to a mercury rese rvo i r  wh i le  the  other  i s  immersed i n  the  s o l u t i o n  

being invest igated.  Mercury f lows through the  c a p i l l a r y  causing a drop t o  

grow on the  end o f  the  c a p i l l a r y  and then f a l l .  

another begins t o  form. 

t h a t  the  cur ren ts  a re  reproducib le  from one drop t o  t h e  next. Also, s o l i d  

products cannot accumulate on the  e lec t rode surface which could change i t s  

p roper t ies .  

cause one drop t o  behave e r r a t i c a l l y  whereas w i t h  a s ta t i ona ry  e lec t rode 

the  whole measurement can be ru ined by changing t h e  s t r u c t u r e  o f  t he  d i f f u -  

s ion  layer  which i s  s lowly  growing away from the  e lec t rode surface. 

A s  soon as one drop f a l l s ,  

Each drop e x a c t l y  dup l i ca tes  i t s  predecessor so 

With  a dropping electrode, a momentary shock o r  v i b r a t i o n  w i l l  

A polarographic c e l l  conta ins the s o l u t i o n  t o  be measured, the  dropping 

mercury e lec t rode (DME) and a reference e lec t rode against  which the  p o t e n t i a l  

of the DME i s  establ ished. Because o f  t he  very l a rge  surface area of the  

reference e lec t rode and the  l o w  cur ren ts  i n  eference electrode, 

which a l s o  serves as the  counter electrode, d 

a metal ion  i n  t h e  s o l u t i o n  the  p o t e n t i a l  of 

towards negat ive v I i on  i s  present, t h e  cur ren t  w i l l  



remain constant until the potential of the WE is sufficiently negative to 

reduce the cation. At this point the current increases rapidly as the M E  

becomes more negative until all o f  the cations which diffuse to the OME are 

reduced on its surface. From this point, as the DME i s  made still more 

negative, the current remains constant and is limited by the rate at which 

the cations can diffuse to the DME. 4nions produce similar results when 

the DME is made positive. 
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EXPERIMENT 

Cell Design - 
The basic cell design is shown in Fig. k .  The mercury runs from the reservoir, 

down the inner tube and through the very fine capillary. This capillary was 

formed by drawing down 1/2 mm capillary to give drop times of 4 to 6 seconds 

in air. 

to that in air. The working and reference electrodes are of Zn which should 

be reversible in NH when used at low currents with a chloride electrolyte. A 

return path between the lower chamber and the mercury reservoir allows the 

It was hoped that the drop time in dense gaseous NH wouid be similar 3 

3 

mercury to be rerun through the cell after all the mercury from the reservoir 

has been used. This return tube also serves as a vent between the two chambers 

so that no pressure differences leading to erratic behaviour of the DME will 

occur . 
Polarograph 

A recording polarograph was used to vary the potential between the reference 

electrode and the DME at a constant rate between desired initial and final 

points while recording the current through the cell. A schematic of the 

electrical circuit for this device is shown in Fig. 6. in addition to the 

voltage sweep and current measuring and recording sections, it contains a 

circuit to compensate for voltage drops across the current sensing resistor and 

the internal resistance of the cell and an integrating circuit to provide a 

desired amount of damping of the current swings produced by the DME. As each 

drop falls, the current drops practically to zero and then increases to its 

maximum as the next drop grows. It i s  usually desirable to average these 

swings to some extent. The present device uses flashlight cells to obtain the 

necessary voltages while a clock motor drives the ganged voltage dividing 



voltage sweep and internal resistance compensator. The voltage across the 

current sensing resistor is recorded on a Baush and Lomb VOM 5 recorder, 

having a sensitivity of 10 mv full scale and an input resistance in excess of 

10 megohms. The cell voltage can be swept through any desired amount between 

0 and 4.5 V in'a time of 8 minutes while the initial voltage can be set 

anywhere between h1.5 V. 

pa to 100 pa, and the integration time can be set at 0, 2, 4, 8 and 20 seconds. 

Current can be measured over the range from 0.5 

The mercury reservoirwas half filled with mercury .with the cell in a nearly 

horizontal position and the filling tube to the reservoir tipped off. 

was then inverted and 0.1 gm of NH C1 added through the remaining filling tube. 

The cell was then sealed to a high vacuum system, evacuated, and filled with 

NH 

was usually 20 to 25 cc of NH 

The cell 

4 

at-78OC to 5 6  of the volume remaining after the addition of Hg. This 3 
The cell was then sealed off and stored in a 3' 

ref rigerator. 

The cell was 

at the bottom 

externa 1 pres 

oaded in the bomb in a horizontal position with the return tube 

and heated until the temperature reached 12OoC to 14OoC. The 

ure was kept somewhat above the predicted internal pressure. 

When the desired temperature was reached, the pressure vessel containing the 

cell was tilted to the vertical position, allowing Hg to flow down the inner 

tube and through the capillary. The voltage was scanned from 0 to -2 to 3 v 

between the DME and the working electrode while the current through the cell 

was recorded. 

Resu 1 ts 

The early attempts at running the polarography experiment failed due to cell 

breakage at low temperature(-40°C). It was soon realized that this was due to 
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blockage o f  the ins ide  o f  the h igh  pressure vessel by the mercury resevoir, 

which was on ly  s l i g h t l y  smal ler  i n  diameter. The c e l l  was modi f ied so t h a t  

the mercury resevoi r  was much narrower and a thermocouple was taped t o  the 

c e l l  below the mercury resevoi r  t o  monitor the NH temperature i n  the c e l l .  3 
During the  running o f  t h i s  ce l l ,  the ex te rna l  pressure was kept 30 atm above 

the p red ic ted  i n t e r n a l  pressure. 

run a t  on l y  10 atm above the p red ic ted  i n t e r n a l  pressure and a temperature 

of 120° C was successful l y  reached. 

Attempts were made a t  100°C and l lO°C t o  o b t a i n  polarograph from t h i s  ce l l ,  

s ince it was f e l t  t h a t  a t  these temperatures, t he  p roper t i es  o f  the l i q u i d  

The c e l l  f a i l e d  a t  7OoC. The next c e l l  was 

NH3 would not  be very d i f f e r e n t  from dense gaseous NH 

a c t i o n  could be observed, a t  these temperatures, however, and i t  was concluded 

tha t  the c a p i l l a r y  was blocked. 

func t i on ing  and a vo l tage Scan was s tar ted.  

vo l tage recording i s  shown i n  Fig. 3 .  It i s  seen t h a t  the DME produced 

o s c i l l a t i o n  i n  the cu r ren t  u n t i l  a vo l tage o f  -0.85 v a t  which p o i n t  they 

ceased. It i s  bel ieved tha t  the c e l l  ruptured a t  t h i s  po in t .  The results, 

therefore are incomplete and prov ide on ly  an i n d i c a t i o n  o f  the f e a s i b i l i t y  o f  

DME polarography experiments i n  NH a t  temperatures near the c r i t i c a l  po in t .  

No dropping mercury 3' 

A t  12OoC, however, the DME appeared t o  be 

The r e s u l t i n g  cu r ren t  was 

3 
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THERMOOYNAM I c PROPERT I ES OF GASEOUS C ~ N H ~ +  

by S. Naiditch and R. A. Wil 

Unified Science Associates, Inc. 

826 South Arroyo Parkway, Pasadena, California 91105 

ABSTRACT 

Thermodynamic properties of gaseous CsNH + are calculated using statistical 

thermodynamics, a previously measured value of the dissociation energy of 

CsNH and estimates of the length and fundamental frequency of the Cs-N 

bond. 

) 

3 

3' 
With all species at 1 atmosphere and 298.15OC, the results are; for 

- 
= 94.0 f 0.9 + - 1  0 - 1 .  CsNH3 , So = 61.8 f 1 cal mole K , for CsNH + + e , AHf 3 + kcal/mole and AGfo = 102.4 f 0.9 kcal/mole; for CsNH i- NH AEo = 4.4 f 0,9 3 3' 

kcal/mole, AGO = -2.4 f 0.9 kcal/mole and K = 55 x lowo7 atm. 

ted by Office of Saline Water Contract OSW 14-01-0001-424 and 
National Aeronautics and Space Administrat ion Contract NAS 74-37. 
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INTRODUCTION 

The presence o f  the gaseous species NaNH + has been discussed by Loeb i n  h i s  3 
review o f  ion ic  mobi 1 i t y  measurements('). Recently, i n  t h i s  laboratory, the 

energy o f  attachment o f  an NH 

using photoionizat ion techniques(2). These data are now subjected t o  a 

deta i led analysis t o  provide the thermodynamic propert ies o f  gaseous CsNH 

i n  i t s  standard s tate as a per fect  gas a t  1 atmosphere, 298.15'K. 

behavior o f  CS' i n  a cavr ier  gas i s  examined b r i e f l y .  

t o  a Cs' i n  the gas phase has been measured 3 

+ 
3 

Then, the 
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DISSOCIATION ENERGY OF C ~ N H ~ +  at OOK 

The energy of attachment of an NH 

kcal/mole) has been measured in this laboratory using a photoionization 

technique. A mixture of cesium and ammonia gases at 173 C is subjected to 

monochromatic radiation and the photoionization spectrum is measured. At 

photon energies below 3.89 ev all of the discrete ion spectra occur only 

at the absorption lines of cesium so that the ionization mechanism is 

to a Cs+ in the gas phase (6.57 f 0.9 3 

0 

CS I- hv = CS * ; AEll = hv' 

where the primes denote data at 446'~. This is followed by 

cs * + N H ~  = c ~ N H ~ * ;  A E ~ ~  = o 

If the sum of the radiation and binding energies is sufficiently great, 

ionization can occur. 

- * I- 
CsNH = CsNH 1- e ; AE3' = -Qc ' 3 3 (3) 

When ammonia is introduced into Cs vapor it i s  found that there is a critical 

wavelength above which all ion currents are attenuated and below which all 

are amplified. 

corresponds to the minimum radiation energy required for the process in equation 

3 
( 3 )  to  take place so that at Q I 

corresponds to the temperature of the system, and the rotational and vibrational 

modes are in the ground state and the translational energy of the electron is 

zero. 

It is assumed that this critical radiation energy (hvc) 

f = 0, the translation energy of the CsNH 
C 
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The overall change in state at O°K is t 

Cs + hv' + NH = 3 

where the subscript lloll denotes data at O°K, 

+ 
In order to determine the dissociation energy o f  Cs-NH 

increase in internal energy of 

In this second path, cesium at O°K i s  subjected to radiation with energy just 

equal to its ionization potential, 

,(AEOo)& is equated to the 3 
an alternate path for the same change of state, 

(5) + Cs + hv = Cs + e-; AE = hv 
iP 5 iP 

Then an ammonia molecule at O°K in the gas phase attaches itself to the cesium 

ion at constant temperature: 

+O is the dissociation energy at O°K. The overall change in state for Do where E 

equations (5) and (6) is the same as that for equation (4), so that 

( 7 )  = 3.7 f 0.9 kcal/mole r 
3 

J = 6.5 f 0.9 kcal/mole. - hvc 7 "The accuracy is that of the measurement, hv 
iP 
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DISSOCIATION ENERGY OF CsNH3' AT 298.15'~ 

This dissociation energy is calculated from 

ED +O = EDo +O + ~ERTO + E~O(NH,) - E~O(C~NH~+) 

In the evaluation, the last vibrational term i s  split into two parts, one for 

the -NH and the other for the Cs-N-, where the dash indicates bonding to 

the other portion of the molecular ion. 

are neglected and the fundamental vibrational frequencies, bond angles and N-H 

(3) are used for those of the bonded -NHJ. Neglecting the distances of NH 

nitrogen inversion term, the vibrational energy of the bonded -NH i s  then 

equal to that of NH In the analysis, the Cs-N- is treated as a diatomic 

molecule. Based on these approximations, equation (8) reduces to: 

3 
Interactions between the C s  and the H's 

3 

3 

3' 

+ 312~~' - E~~(cs-N) (9) +O 

EDo 

The fundamental vibrationa frequency of Cs-N has been estimated by (i) Morse's 

relation r 3~ = 9x10 - 1  1 , ( ) Moelwyn-Hughes' modification for CaO(4), r 3 Y = 
0 0 

12.58~10-~~, and ( i i i )  Badger's relation, force constant f = 1.86~10 5 /(r - dij) 3 , 
e 

using 17.032 as the effective mass o f  N in Cs-N. The Cs-N distance has been 

taken as the sum of Pauling's values of the ionic radius of Cs (1.69 8) and the 
covalent radius of N (0.70 i)(5). 
( i  i )  9.22~10'~~ and ( i i i )  9.64~10'~ cps, respectively. 

frequencies, 9.4~10'~, has been used. 

12 The three calculated frequencies are (i) 6.59~10 

The average of the last two 

, 

f 

*As an example of the effect o f  an error in this value on the final results, an 
error of 5O$ in this frequency introduces an error in ED+" of 0.14 kcal/mole, in 
SO(CsNH5') of 1.26 cal mole" OKm1, and in 61;O for the dissociation of CsNH3+ of 
0.24 kca 1 /mol e. 

-52 - 



The l a s t  term i n  equation ( 9 )  is equal t o  Rhvk - 1  ( e  hv/kT - 1 ) " .  

t i o n  energy ca lculated from t h i s  i s  

The dissocia- 

= 4.3 A 0.9 kcal/mole ( 10) 7 
Eo+O 
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ENTROPY OF C ~ N H ~ +  

The t rans la t iona l  entropy o f  CsNH -k ( 1  atm, 298.15OK) has been calculated using 

the Sackur-Tetrode equation and the constants i n  Kel ley  and Kind6), Sot = 40.97 

ca l  K mole -. The calculated moments o f  i n e r t i a  are: I ,  = 4.436~10 , 

3 

0 - 1  - 1  -40 

I = I = 1.543x10-~~ gram cm 2 . 

1.34, S O(NH3) = 0.13, and SVo(CsNH +) = 1.47 ca l  mole -1  0 K -1  . Adding the 

From th is ,  S ' = 19.45 cal  OK-' mole -1 . 2 3  r - hv i / kT 1, The v ib ra t iona l  entropies are calculated from Sv = EV/T - R T  I n  ( 1  - e 

using the numerical values 
I 

i n  the  preceding section. From t h i s ,  Svo(Cs-N) = 

V 3 
component entropies, 
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HEAT AND FREE ENERGY OF FORMATION OF CSNH; + e-(To) 

I n  the c a l c u l a t i o n  o f  t he  heat and f r e e  energy o f  formation, the e l e c t r o n  is 

taken a t  1 atm, 298.15OK; t h a t  is, it i s  under e q u i l i b r i u m  i n  the  system. 

Using the heats o f  formation, AHf0(Cs+ + e-) = 110.05 and AHfo(NHg) = -11.04 

kca 1 /mol e, 

4- 
AHfO(CsNHj + e-) = 94.0 5 f 0.9 kcal/mole 

AGf0(CsNHj + + e-) = 102.4, f 0.9 kcal/mole 
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THE D I ssoc I AT I ON CONSTANT OF c SNH; 

+ 
3 The increase i n  f ree  energy f o r  t he  d i s s o c i a t i o n  o f  CsNH 

Go = -2.3 f 0.9 kcal/mole 7 

i n t o  cs+ + NH i s  3 

and the d i ssoc ia t i on  constant (Cs+)(NH )/(CsNH + >  i s  55 X 10 w * 7  atm. 3 3 

A t  the low p a r t i a l  pressures genera l ly  used i n  seeded gases, t he  p a r t i a l  pressure 

of C s N H  + w i l l  be very low. 

a r e  both 1 t o r r ,  then under e q u i l i b r i u m  cond i t ions  t h e  p a r t i a l  pressure o f  CsNH a t  

298,15OK w i l l  be 2 x 

pressure o f  ammonia i s  ra ised  t o  an atmosphere, t h a t  i s ,  ammonia i s  used as the  

c a r r i e r  gas, and the  p a r t i a l  pressure o f  Cs i s  r e l a t i v e l y  low, then the  p a r t i a l  

pressure o f  C ~ N H  + w i l l  be 2 x 10 *Oo7$ o f  t h a t  o f  t h e  Cs'. 

3 

3 

For example, i f  t h e  p a r t i a l  pressure o f  Cs' and NH 3 + 

x IOfoo7 t o r r .  On the  other  hand, if t h e  p a r t i a l  

+ 

3 
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SOLVATION OF cs+ I N  LIQUID AMMONIA* 

S.  Naiditch 

Unified-Science Associates, Inc., Pasadena, Calif. 91105 

ABSTRACT 
4- The free energies of solvation for c s + +  (NH 1 = Cs - (NH3)n have been 

3 n  
calculated for n = 1, 2, 8, 27, 64 and 125 using the. standard state: 

gas at 239.76OK and 1 mole/liter. The effects of the dielectric constant 

on these ion-molecule processes are neglected. All of the evaluated species 

are mono-solvated cesium ions coordinated to one nitrogen. 

which are held together by hydrogen bonds, are those found in the liquid 

The ammonia clusters 

state. 

The concentrations of clusters in liquid ammonia have been calculated using 

the estimate that one-third of a1 1 hydrogen bonds are broken at the boi 1 ing 

point of liquid ammonia and the approximation that the distribution of hydrogen 

bonds in the liquid state is random. 

From the free energies of solvation and the cluster concentrations, the state 

of the cesium ions i s  determined; the values being approximately, 88$ unsolvated 
4- f Cs ; 12$ CsNH3 ; and 1$ coordinated to ammonia clusters. From these values, the 

solvat ion number for equi 1 ibrium processes is 0.12, and for transport properties 

0.097. Some of the implications of these results are discussed briefly 

* 
National Aeronautics and Space Administration under Contract NAS 7-437. 
Work supported by Off ice of Sal ine Water under Contract OSW 14-01-0001-424 and 
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INTRODUCTION 

The i o n i z a t i o n  o f  CsCl i n  l i q u i d  ammonia has been examined") using 

the approach o f  Fowler and Guggenheim"). I n  t h i s  approach, the d i e l e c t r i c  

constant of the so lvent  i s  inser ted i n t o  the s t a t i s t i c a l  equations f o r  the 

gases. Then the f r e e  energy o f  so 

I t  i s  found t h a t  the p red ic ted  ion 

+ 
i o n i z a t i o n  o f  CsCl i n t o  Cs and C1-,  the species being t reated as pe r fec t  

v a t i o n  o f  the p o s i t i v e  ion i s  introduced. 

z a t  ion constant us ing th  i s  approach i s  

too la rge  by two orders o f  magnitude. 

an add i t i ona l  proper ty  o f  the l i q u i d  s t a t e  i s  introduced, namely t h a t  of 

I n  order t o  remove t h i s  discrepancy, 

hydrogen bonding, which leads t o  the  associat ion,  polymerizat ion o r  

c l u s t e r i n g  o f  the so lvent  molecules. To take t h i s  i n t o  account, the 

thermodynamic p roper t i es  o f  mono-solvated Cs 

ammonia c l u s t e r s  have been evaluated. 

+ singly-bonded t o  a v a r i e t y  o f  

I n  the analysis,  the e f f e c t s  o f  the 

d i e l e c t r i c  constant on ion-molecule processes are neglected. The reac t i on  

considered i s  
cs+ + ( N H ~ ) ~  = CS-(NH ln+ 3 

where the dash i n  the product ind icates t h a t  there i s  one Cs-N bond. The 

standard s tates are ideal  gases a t  the b o i l i n g  p o i n t  o f  l i q u i d  ammonia, 

239.76OK, and 1 mole/l i t e r .  
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3--NH3 + 
FREE ENERGY OF FORMATION OF CS-NH 

+ 
The gaseous species Cs-NH --NH where t h e  double dash ind ica  3 3 '  

bonding, simulates the  simplest so lvated speci 

i n t o  the  l i q u i d .  Assuming t h a t  t he  Cs-N and the  hydrogen bond energies i n  

Cs-NH --NH a re  equal t o  those i n  CsNH and NH --NH then the  so l va t i on  

energy i s  given by 

+ .  + 
3 3  3 3 3' 

(2)  AE2 = AEl = -4.28 f 0.9 kcal/mole ( 1 )  

where the  subscr ip t  I r l "  r e f e r s  t o  the  process i n  equation ( 1 )  f o r  n = 1, i .e .  

monomeric ammonia, and "2" t o  t h a t  f o r  d imer ic  ammonia, 

In the eva lua t ion  o f  t he  entropy increase, A!j2, the  sum o f  the symmetry 

number terms i s  zero. T rea t i ng  the  Cs-N and the hydrogen bonds as diatomic 

molecules, and 

the  proper t ies  

i n  v i b r a t i o n a l  

assuming t h a t  t he  fundamental frequencies o f  these bonds and 

o f  NH are  the  same i n  the  various species, then the  increase 

entropy f o r  n = 2 i s  j u s t  t h a t  f o r  n = 1 ,  so t h a t  

3 

2 
2m + m 1 AS2 =AS, + 3/2R I n  
2(m1 + m2) 

+ 
where m i s  the  molecular weight o f  NH and m t h a t  of Cs , and the  1's are  the 1 3 2 

var ious p r i n c i p a l  moments o f  i n e r t i a .  

To s i m p l i f y  the  ana lys is  o f  the moments wi thout  a f f e c t i n g  the  general conclusions, 

--NH and Cs-NH --NH3 a re  t rea ted  as l i n e a r .  On evaluation, + 
NH3 3 3 
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FREE ENERGY OF FORMATION OF 

Muchof the  ammonia i n  the  

C ~ - ( N H  + 

3 n  

i q u i d  s t a t e  i s  present i n  the  f o r m  of la rge  

+ 
c lus te rs .  The bonding o f  such c l u s t e r s  t o  Cs w i l l  now be examined. 

+ 
Although, from an examination o f  t he  e lec t ron  d i s t r i b u t i o n  i n  CsNH 

tendency fo r  hydrogen bonding o f  the  H I S  i n  CsNH -k i s  greater  than t h a t  o f  

t he  H ' s  i n  NH i t s e l f ,  i n  t he  ana lys is  i t  i s  assumed t h a t  t h e  bonding w i t h i n  

a c l u s t e r  i s  unchanged when a cesium ion bonds t o  an ammonia on the c l u s t e r .  

The increase i n  i n t e r n a l  energy f o r  so l va t i on  of Cs 

t he  3 '  

3 

3 

+ 
by c l u s t e r s  (eq. 1 )  

i s  as  fo l lows:  

increase i n  i n te rna l  energy i s  then given by 

AEt = -3/2RT; AEr = 0; and AEv = EV(Cs-N) .  The t o t a l  

+O 

n = + E ~ ( C S - N )  - 3/2RT 

= +4.28 f 0.9 kcal/mole (6 1 

I n  the  above, t he  Cs-N bond has been t rea ted  a s  a diatomic molecule. 

value o f  E;:, the  d i ssoc ia t i on  energy (eq. 1) a t  OOK, i s  assumed t o  be equal 

t o  the d i ssoc ia t i on  energy f o r  CsNH 

The c a l c u l a t i o n  o f  the ent rop ies f o r  t h i s  model i s  conventional, t h e  equation 

for the  t r a n s l a t i o n a l  energy being 

The 

+ ( I ) *  
a t  O°K 3 

I f  one d is t ingu ishes  between bond energies and enthalpies, EDo +O i s  the Cs-N 
bond energy a t  OOK. 

f 
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Mt = -3/2R I n  IJ. - 3/2R I n  T - R I n  lo3 - 5/2R + 16.042 

= 3/2R I n  IJ. - 18.988 ( 7 )  

where p i s  the  reduced mass, i.e., IJ. = M .m /(M1 + m ),and Ml and m2 a r e  the  

c l u s t e r  and cesium ion masses respec t ive ly .  The increase i n  r o t a t i o n a l  entropy i s  

1 2  2 

where the  subscr ip t  C'represents the  c lus te r ,  and Cs-C the so lvated species. 

I n  the  c a l c u l a t i o n  o f  t he  moments, i t  i s  assumed t h a t  t he  c l u s t e r s  a re  spher ica l  

and t h a t  the  p roper t i es  throughout the spheres a re  uniform. 

p o s s i b i l i t y  o f  increased hydrogen bonding o f  the  H 's  on the CsNH + 

being considered i s  

Neglect ing the  

the  process 3 '  

With the  p r i n c i p a l  a x i s  as i n  the  f i g u r e  above, 

ASr = R In'(;t;)C+ ( V C  s -c R I n  (J 

c sc 

For t h i s  conf igurat ion,  the  r a t i o  o f  moments o f  i n e r t i a  i s  1 + 2.5p/M,. 
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+(l), the inc e is Using the same analysis as for CsNH 3 

-1 0 -1 fiv = SV(Cs-N) = 0.161 cal mole t( 

The overall increase in entropy is 

- 18.827 (12) 
C " 

u ) + R  In CIS = -3/2R In p + R In (1 + * M 1  "c sc n 

The entropies in table 1 for the clusters n = 8 to 125 have been calculated 

using o /CT = 1 ,  which is correct for the large majority of ammonia clusters. c cs-c 
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It is assumed that the hydrogen bonding in 

solvation process so that AE = -4.28 f 0.9 

c 
cluster and CI its symmetry number, then CI 

n = 2, and 1 for n 2 8 (since this i s  true 

the cluster is not a 

kcal/mole. Letting C represent 

(5 = 3 for n = 1 ,  1 for cs-c 
for most of the species making up 

each composite n). 

calculations to better show the effects of the treatment under consideration. 

Non-signif icant figures are retained throughout the 

n, K 
0 - 1  - 1  - 1  - 1  

As, a, 
cal I( mole kcal mole moles liter n - 

1 :  -18.1 f 1 -0.41 f 0.9 2.4 

2 -24.5 +1.11 9.8 x 

8 -29.8 +2.38 6.8 x Iom3 
27 -31.8 

64 -32.6 

125 -32 -9 

+2.86 2.5 10-3 

+3.12 1.4 10-3 

+3.06 1.6 x 
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CONCENTRATIONS OF CLUSTERS I N  LIQUID AMMONIA 

To complete the  analysis, the  concentrat ions o f  t h e  var ious ammonia polymers 

i n  l i q u i d  am 

constants t o  

T a f t  and S i s  

onia a re  needed. These w i l l  be combined w i t h  the s o l v a t i o n  

prov ide the  concentrat ions o f  each o f  the solvated species. 

have deduced t h a t  one-thi r d  o f  a1 1 hydrogen bonds are  broken 

a t  the b o i l i n g  p o i n t  of  l i q u i d  ammonia. The assumption t h a t  the d i s t r i b u t i o n  

i s  s u f f i c i e n t  t o  e s t a b l i s h  the 

i n  l i q u i d  ammonia i n  which the  

o f  hydrogen bonds 

concentrat ions o f  

forma 1 concent r a t  

monomer and dimer 

The r e s u l t s  for n 

f o r  the 

adequate 

i n  l i q u i d  ammonia i s  random 

the var ious polymers. Thus 

on o f  ammonia i s  40 m o l e d l  ter ,  the  concentrat ion o f  the  

are, respect ively,  5.49 x Om* and 2.16 x 10 m o l e d l i t e r .  

= 3, 4, and 5 a r e  i n  Table 2. 

-2 

The product o f  s o l v a t i o n  

canstant K and c l u s t e r  concentrat ion C i s  now n e g l i g i b l e  (Table 2 ) .  Therefore, n n 

arger  species, a mean value o f  n i s  used and i t  i s  assumed t h a t  t h i s  i s  

y represented by n = 27 molecules per c l u s t e r .  Th is  leads t o  the 

concentrat ion o f  the  average large c l u s t e r  of 401’27 = 1.48 m o l e s / l i t e r .  

smaller n, the concentrat ions o f  the more symmetrical species are  much higher 

than those o f  the less symmetric ones, and f o r  la rger  n, the species w i t h  

intermediate symmetry a re  the most abundant (because on the average 2 out o f  

6 hydrogen bonds are  broken). 

For 
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TABLE 2 
I 

THE RATIO OF CONCENTRATIONS OF SOLVATED SPECIES TO UNSOLVATED €s*, Kn 

K 
n, - n .  m o l e d l i t e r  

1 2.4 

2 o .098 

3 1;1 x 10-1 

4- 1.9 x 

5** 1.3 x 

3.5 x 

n, 
m o l e d l i t e r  

C 

0.055 

0.01 1 

0.022 

o 20009 

0.1086 

0.1114 

i.48** 

Tota 1 

8% 

- Kn 

0.132 

0.001 

0.002 

0 .ooo 

0.002 

0.001 

0.004 

0.142 

- 

**There are  a var ie ty  of species present w i th  t h i s  value of  n. 

-Assuming tha t  the remainder o f  so lu t ion can be t reated as 
(NH3)27, then c" = 40/27 = 1.48 m o l e d l  i t e r .  27 
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THE RATIO OF CONCENTRATIONS OF c S ( N H ~ ) ~ +  t o  cs+ 

The c a l c u l a t i o n s  on which Table 2 i s  based are as fo l lows.  The 

e q u i l i b r i u m  constants wi thout  symmetry number a re  obtained from a p l o t  o f  

log  K vs l /n .  Then the symmetry number i s  determined f o r  the most 

abundant species and Kn ca l cu la ted  therefrom. I n  the cases of 

n = 3, (5 /a 

other. The concentrat ions o f  species w i t h  0 > 1 o f  the remainder o f  the 

species a re  r e l a t i v e l y  small ,  so t h a t  f o r  n > 3, OC = 1 i s  used. 

n 

- 3 f o r  the more abundant species and u n i t y  f o r  the c cs-c- 

C 

+ + ' the product of Kn and (NH3jn ((NH~),+), i s  the r a t i o  o f  concentrat ion of Cs 'n 3 

solvated w i t h  the polymer n t o  t h a t  o f  unsolvated Cs , i.e. ( C S - ( N H ~ ) ~ + ) /  

(Cs+). 

+ 
+ 

I t  i s  seen (Table 2) t h a t  about 93% o f  the solvated Cs species are 

y about l3$ o f  t h a t  o f  

um ion species i n  

+ 
o f  the form CsNH and t h a t  t h i s  concentrat ion i s  on 

unsolvated Cs , which i s  therefore the p r i n c i p a l  ces 

so 1 u t i  on. 

3 + 

I 

The values o f  Kn 

upper l i m i t .  This a r i ses  because a cesium bond t o  a n i t rogen  precludes 

hydrogen bonds t o  t h i s  n i t rogen.  I f  the so v a t i o n  process takes p lace w i t h  

hydrogen bond breaking, then the energet ics are less favorable than t h a t  i n  

eq. (1).  I n  the case o f  the h i g h l y  symmetr ca l  c l u s t e r s  which invo lve about 

four  hydrogen bonds on the average per molecule, there are very few places 

f o r  cesium t o  bond wi thout  hydrogen bond breaking. 

are the most abundant o f  the l a rge  c lus te rs .  

f o r  the l a r g e r  aggregates and c l u s t e r s  are probably an 

These types o f  c l u s t e r s  
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+ There i s  a counter e f f e c t  i n  t h a t  the CsNH 

greater than t h a t  o f  NH 

I n  summary, o f  the solvated species, CsNH3+ is t he  most favored thermodynami- 

c a l l y  (Table l), the tendency for  so l va t i on  decreasing as the c l u s t e r  s i z e  

increases (Table 2). 

i n  i t s  monomeric form the s o l v a t i n g  e f f e c t  o f  the NH should be la rger  

than expected from i t s  behavior i n  l i q u i d  ammonia i t s e l f .  

tendency t o  hydroge 3 
i t s e l f .  3 

This  impl ies t h a t  i n  a solvent i n  which NH3 i s  present 

3 
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SOLVATION NUMBER FOR EQUILIBRIUM PROCESSES, ns  

The solvat ion number i s  given by 

( 13) 
0 co + 1 c 1  + * * =  

co + c 1  + * * *  
- - 

co + 

n =  
S 

+ 
where Co i s  the  concentration o f  unsolvated Cs  and C 1  i s  the  t o t a l  concentration 

o f  the various monosolvated ions. From t a b l e  2, 

- 0.12 n - - -  
S - 1.142 

This  value i s  o f  reasonable order o f  magnitude. 
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SOLVATION NUMBER FROM MOBILITIES n 
IJ. 

I n  the  experimental determinat ion of t r a  

conduc t i v i t y  Q of a s o l u t i o n  i s  measured 

from t h i s .  I n .e f fec t ,  i t  i s  assumed t h a t  t he re  i s  on ly  one p o s i t i v e  i o n i c  species 

i n  the  s o l u t i o n  such t h a t  

B+ = n+e v+ 
+ where n 

m o b i l i t y .  

where rs i s  the  e f f e c t i v e  diameter of t he  p o s i t i v e  ion. 

i s  the  number densi ty  o f  t he  p o s i t i v e  ion, e i t s  charge, and p+ i t s  

+ It i s  a l s o  assumed t h a t  t he  product IJ. rs i s  a constant k (Stokes'  Law), 

The i o n i c  volume Vs  i s  

g iven by 

3 
S 

4n r 
- =  v + n v  - 

vs - 3 2 v 1  

where v 

molecule i n  the so lvated ion. Hence, the  exper imenta l ly  determined conduc t i v i t y  

i s  in te rpre ted  as fo l lows 

and v1 are, respect ively,  the  volumes o f  the  so lu te  ion  and a solvent 2 

0 
where A i s  Avogadro's number and C+ i s  the  formal concentrat ion of t he  p o s i t i v e  ion. 

I n  the  present approach, which i s  based on the  b ind ing  energy of the  solvent mole- 

c u l e  t o  the p o s i t i v e  ion, i t  i s  assumed t h a t  there  i s  a d i s t r i b u t i o n  o f  species 

such t h a t  

m 

o n  
B+ = ~n e v; 
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Using t h e  same approach as 

+ u =  

El im ina t i ng  0' and s o l v i n g  

n =  I - r .  

f o r  the  conventional analysis, 

f o r  

I 
where cp = v / v  and KO = 1 .  

of cp, t he  r a t i o  of volume of Cs' t o  t h a t  of  one NH 

seven c lus te rs ,  namely, n = 0, 1, 2, 3, 4, 5 and 27. 

Th is  r e s u l t  i s  evaluated f o r  two d i f f e r e n t  values 
2 1  

i n  t h e  so lvated ion, and f o r  

The r e s u l t  i s  i n s e n s i t i v e  

3 

t o  0 ,  a t  leas t  i n  the  range considered. Thus, f o r  cp = 4.66, n = 0.098 and f o r  
I-r 

cp = 2.33, np = 0.096. 
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DISCUSSION 

I n  an analys is( ’ )  c a r r i e d  o u t  i n  conjunct ion w i t h  t h i s  one, i t  was found 

t h a t  i n t roduc t i on  o f  the d i e l e c t r i c  constant and s o l v a t i o n  i n t o  the  

s t a t i s t i c a l  i o n i z a t i o n  constant equations gave a value o f  the i o n i z a t i o n  

constant of ‘CsCl too large by two orders o f  magnitude. It was surmised 

t h a t  the d i f f i c u l t y  lay  i n  the use o f  the formal concentrat ion o f  ammonia 

i n  i t s  l i q u i d  s t a t e  i n  the evaluat ion o f  the e f f e c t i v e  i o n i z a t i o n  constant. 

I n  the present analysis, the e f f e c t s  o f  hydrogen bonding on the s t a t e  o f  

Cs 

s a t i s f y i n g  i n  two respects, f i r s t ,  they g i v e  a reasonably small (0.12) 

ra the r  than large (0.99) so l va t i on  number f o r  Cs i n  ammonia and, second, 

they lead t o  a value o f  the i o n i z a t i o n  constant t h a t  i s  o f  the same order 

+ 
i n  ammonia have been examined. The deductions from t h i s  ana lys i s  a re  

+ 

of magnitude as expected from a v a i l a b l e  experimental data (1 ) . 
I n  addit ion, the r e s u l t s  permi t  an i n t e r e s t i n g  excursion i n t o  the f 

so l va t i on  numbers. The present analys is  i s  based on energ 

the standard methods which a r e  o f ten  based on a v a r i e t y  o f  

such as m o b i l i t i e s .  It i s  shown i n  the two preceding sect 

weight f a c t o r s  f o r  determining so l va t i on  numbers vary w i t h  

e l d  of 

es i n  con t ras t  t o  

secondary p roper t i es  

ons t h a t  the 

the exper imenta 1 

parameters. This may be seen by comparing eqs. (13) and (20). I n  the case 

o f  Cs , which i s  weakly solvated, t he  e f f e c t s  are small. It i s  seen t h a t  

the p red ic ted  so l va t i on  number determined f rom mobi l i t ies ,  0.097, 

than t h a t  determined from e q u i l i b r i u m  propert ies, 0.12. 

was more s t rong ly  solvated than Cs the d i f f e rences  may be more marked. 

+ 

i s  smal ler  

For a species t h a t  
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Another interesting aspect is that of the situation at infinite dilution. 

Even though the substance i s  completely ionized, some of the ions are 

solvated to such large clusters that they are effectively immobile. Thus, 

complete ionization does not mean that all of the ions are mobile. In 

other words, the effective number density of  ions contributing to 

conductivity can be smaller than that contributing to equilibrium process@$ 

such as vapor pressure depression. 
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ABSTRACT 

The i o n i z a t i o n  o f  C s C l  i n  l i q u i d  ammon a a t  i t s  b o i l i n g  p o i n t  (239.76OK) i s  

ca lcu la ted  from the thermodynamic prop r t i e s  o f  gaseous CsNH 

approach o f  Fowler and Guggenheim. 

1 m o l e / l i t e r  and 239.76OK, the  i o n i z a t i o n  constant K i s  7 x lomp9 m o l e s / l i t e r .  

In t roduc t ion  o f  the d i e l e c t r i c  constant D o f  l i q u i d  ammonia (22.4) i n t o  the  

s t a t i s t i c a l  equations increases K t o  1.1 x m o l e s / l i t e r .  In t roducing 

solvat ion,  CsCl + NH 

For comparison, the formal concentrat ion o f  NH i n  the l i q u i d  state, 40 moles/ 

l i t e r  i s  used t o  c a l c u l a t e  the e f f e c t i v e  i o n i z a t i o n  constant K =z (NH3)'K = 

1 . 1  x 10-1 m o l e d l i t e r .  

i o n i z a t i o n  constant o f  CsCl pro jected from the a v a i l a b l e  experimental data. To re-  

+ us ing the  

For the standard s tate;  p e r f e c t  gas, 

3 

-3 = CsNH + + C1-,  leads t o  K = 2.7 x 10 . 3 3 

I 
3 

This  i s  two orders o f  magnitude la rger  than the  

solve t h i s  discrepancy, a t h i r d  l i q u i d - s t a t e  proper ty  i s  introduced, c l u s t e r i n g .  Kc i s  

ca lcu la ted  fo r  C s C l  + g (NH )n  = C Cs(NH ) + + C 1 - .  The e f f e c t i v e  i o n i z a t i o n  
m m 

3 0  3 n  

-20.4 I 

cons tan t 5 , which i s  

mo les / l i te r .  Thus, when the e f f e c t  o f  so lva t ion  i s  introduced, i t  i s  necessary 

t o  introduce a l s o  c l u s t e r i n g  i n  order t o  ob ta in  s a t i s f a c t o r y  agreement w i t h  

experimental data. 

Work supported by O f f i c e  o f  Sa l ine  Water under Contract OSW 14-01-0001-424 
and Nat ional  Aeronautics and Space Admin is t ra t ion under Contract NAS 7-437. 
i 
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INTRODUCTION 

Fowler and Guggenheim'l), i n  t h e i r  examination o f  t he  nature o f  

e l e c t r o l y t i c  solutions,have demonstrated t h a t  t he  most important p roper ty  o f  

t he  l i q u i d  so lvent  i s  i t s  d i e l e c t r i c  constant. I n  the  case of  NaCl i n  the  

ideal  gas s t g t e  a t  room temperature, the  increase o f  d i e l e c t r i c  constant from 

u n i t y  t o  80 ( t h a t  o f  l i q u i d  water) increases the  i o n i z a t i o n  constant from 10 -79 

t o  7. To account f o r  the res idual  gap between t h i s  r e s u l t  and complete i o n i -  

za t i on  i n  l i q u i d  water, they in t roduce the  so l va t i on  Of Na'. 

I n  the fol lowing, t h i s  procedure i s  c a r r i e d  out  f o r  C s C l  i n  l i q u i d  ammonia. 

A f te r  i n s e r t i o n  of the  d i e l e c t r i c  constant o f  l i q u i d  ammonia i n t o  the  s t a t i s t i c a l  

equations, the  thermodynamic func t ions  f o r  the  so l va t i on  o f  Cs by NH i n  the  

ideal  gaseous s t a t e  ( 2 )  

calcu lated.  I t i s  found t h a t  t he  ca l cu la ted  i o n i z a t i o n  constant i s  t o o  la rge  

by two orders of  magnitude. Therefore a t h i r d  l i q u i d  p roper ty  i s  introduced, 

+ 
3 

a re  introduced and t h e i r  e f f e c t  on the i o n i z a t i o n  o f  CsCl 

the  c l u s t e r i n g  o f  the  solvent molecules(3), which b r ings  the  ca l cu la ted  

i o n i z a t i o n  constant i n t o  agreement w i t h  experimental data. 
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IONIZATION OF CsCl 

For the i o n i z a t i o n  o f  CsCl i n  i t s  standard s t a t e  as a p e r f e c t  gas a t  the  

b o i l i n g  p o i n t  o f  ammonia (239.76OK) and 1 mole / l i te r ,  

( 1 )  
+ CsCl = c s  + c1-, 

- 1  (5) 

41 = 110 kcal/mole us ing the fundamental v i b r a -  

. The entropy o f  CsCl i s  ca lcu la ted  us ing 

. The r e s u l t s  a re  recorded i n  

298.15 AEo i s  deduced from Atlo 

t i o n a l  frequency o f  210 cm 

t h i s  value and 1 = 3.92 x 

Table 1 .  

gram cm 2 ( 5 9  

I t  i s  dssumed t h a t  a l l  o f  the i n t e r n a l  energy i n  the Cs-CI bond i s  due t o  

c-oirlombic ion- ion in te rac t ions .  The bond energy ( t h e  sum o f  the bond energy 

a t  0 K and v i b r a t i o n a l  energy a t  the  b o i l i n g  

by the d i e l e c t r i c  constant. The other  terms, such as r o t a t i o n a l  and t r a n s l a t i o n  

energies, A(pV), and energies o f  moleculeion in teract ions,  are not, so t h a t  

0 p o i n t  o f  ammonia) i s  then d i v i d e d  

(2) 
0 

for  D = 1 ;  AE = AE 0 - E V ( C S C 1 )  + 1/2 RT, 

and f o r  D = 22.4; AE 

& i s  ca lcu la ted  assum 

It i s  seen i n  Table 1 

= [AE 0 -EV(CsCI)] /D + 1/2 RT. (3) 

ng t h a t  ASo i s  independent o f  d i e l e c t r i c  constant. 

t h a t  the in t roduc t ion  o f  d i e l e c t r i c  constant 22.4 

produces a decrease i n  AG f o r  the i o n i z a t i o n  o f  cesium c h l o r i d e  o f  104 kca l /  

mole. 
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EFFECT OF SOLVATION ON THE IONIZATION OF CsCl 

The simplest approach t o  so l va t i on  i s  now introduced, namely 

+ 
3 .  CS+ + NH = CSNH 3 (4) 

Conversion o f  the  thermodynamic data f o r  t h i s  process(2) t o  239.76’K and 

1 mole/l i t e r ,  y i e l d s  

( 5 )  - 1  0 - 1  AS = -18.1 f l  ca l  mole K 

AH = -4.7650.9 kcal  mole-’ (6) 

(7) 

(8) 

- 1  AG = DN-TAS = -0.41 k O . 9  kcal mole 

K S  = ( c S N H ~ C ) ( C S + ) - ’ ( N H ~ ) - ’  = 2 . 4 ~  10- 1K)-9,01e-1 1 i t e r  

I n  t h i s  approach, t he  e f f e c t  of the  change i n  d i e l e c t r i c  constant from u n i t y  

t o  22.4 on t h e  ion-molecule so l va t i on  process i s  neglected. I f  the  formal 

i s  i nser ted  i n t o  

um ions 

concentrat ion o f  NH i s  the  l i q u i d  state, 40 moles / l i te r ,  

the  expression f o r  K then the  r a t i o  o f  so lvated t o  unso 

i s  

3 

S’ 

= 4 0 ~ ~  = ( c ~ N H ~ + ) / ( c ~ + )  = 9 . 6 ~  10 1*o.g 

vated ces 

(9) 

where the brackets i nd i ca te  concentrat ion. From th i s ,  t h e  so l va t i on  number n i s  
S 

I 

, = 0.99 K S  
( C ~ N H  +) 

- - 3 n =  
S (cs+) + ( c ~ N H ~ + )  1 + Ks  

Th is  r e s u l t  appears t o  be too  large, since i n  water the  so lva t ton  number o f  

Cs 
+ i s  genera l l y  considered t o  be about zero. 
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The preceding results are now used to 

+ 
3 CsCl + NH = CsNH 3 

calculate the thermodynamic data for 

+ c1- 

which are the sum of those for eqs. (1)  and (4). In the last column of 

Table 1, the formal concentration of NH in liquid ammonia, 40 moles/liter, 

is inserted for (NH ). 

ionization constant of CsCl in a medium in which the concetatra,kdsn of  NH 

is effectively constant. 

3 
I 

K , which is equal to 40 K, is the effective 3 

3 i 

On comparison of this value of K' (1.1 x 10-1 moledl iter) with the 

available experimental data in table 2, it is seen that K 
I 

is too large by 

two orders of magnitude. 
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TABLE 2 

IONIZATION CONSTANTS OF ALKALI HAL I DES I N  L IQU I D AMMON I A  AT -34OC 

The values are taken from Jolly and Hallada ( 5 )  

K, moledl iter 

KC 1 

KBh 

K1 

NaBr 

0.94 10-3 

2.21 x 10'3 

5.46 10-3 

3.80 x lo3 
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EFFECT OF CLUSTERING OF AMMONIA ON THE IONIZATION OF CsCl 

The approach o f  t h e  l a s t  sect ion w i l l  now be re-evaluated us ing the 

r e s u l t s  of a d e t a i l e d  analys is  o f  t he  e f f e c t  of  c l u s t e r i n g  on the  s o l v a t i o n  

o f  C S + ( ~ ) .  I n  the present analysis, the concentrat ions o f  the var ious 

polymers o f  NH w i l l  be used instead o f  the formal concentrat ion o f  NH i n  3 3 
the l i q u i d  s t a t e  used e a r l i e r .  In t roducing the var ious c l u s t e r s  and 

monosolvated species, 

+ c1- csc i  + g ( N H ~ ) ~  = fl: C S - ( N H ~ ) ~  
+ m m 

and l e t t i n g  K represent the e q u i l i b r i u m  constant o f  t h i s  process, then 

the e f f e c t i v e  i o n i z a t i o n  constant Kc i s  g iven by 
I 

~ 

I 

Kc = !((NH3),,)] = [ :- a (Cs-(NH3),,+)] (Cl-)/(CsCl) 

= 1.3 x 10 -'*'e4 moles/l i t e r  (13) 
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DISCUSSION 

The a v a i l a b l e  experimental i o n i z a t i o n  constants o f  a l k a l i  ha l ides i n  

l i q u i d  ammonia a t  i t s  b o i l i n g  p o i n t  a re  summarized i n  Table 2. Based on 

these values, t h a t  f o r  CsCl appears t o  be o f  the order of, o r  smal ler  than, 

1 x I O 3  m o l e s l l i t e r .  

K (for eq. (1) i n  which so l va t i on  i s  neglected), K ( fo r  eq. (li) i n  which 

so l va t i on  i s  introduced), and Kc 

introduced). The ca lcu lated i o n i z a t i o n  constant wi thout  solvation, K, i s  

of the c o r r e c t  order of magnitude (1.1 x moles/l  i t e r ) .  In  contrast, t ne 

ca l cu la ted  value of  the i o n i z a t i o n  constant w i t h  solvation, K ,  i s  too large 

by two orders of magnitude (1.1 x 10-1 moles/l  i ter) ,  and the so v a t i o n  

number (eq. 10) i s  almost unity, which a l s o  appears t o  be too large. However, 

Kc w i t h  so l va t i on  and c l u s t e r i n g  i s  o f  the c o r r e c t  order o f  magnitude, (0.5 

The comparable e q u i l i b r i u m  constants f o r  D = 22.4 a re  
I 

I 

( f o r  eq. (12) i n  which c l u s t e r i n g  i s  

I 

I 

t o  3.2) x moles/l i ter ,  as i s  the corresponding so l va t i on  number (0.12) (3 1 . 
Thus, in agreement w i t h  Fowler and Guggenheim, s o l v a t i o n  does increase the 

ca lcu lated degree o f  ion izat ion.  However, unless c l u s t e r i n g  i s  accounted 

for, the ca lcu lated i o n i z a t i o n  constant may be excessively large. 
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DISCUSSION AND CONCLUSIONS 

Little is known about the potential usefulness of dense gaseous electrolytes 

for energy conversion. 

applications as well as to understanding the basic nature of such electrolytes. 

Prior to this'program, the principal known facts relating to such electrolytes 

were(1) solubilities of salts and metals, (2) conductivities of such 

solutions, (3) dielectric constant as a function of solvent density, and 

(4) ionization constants. 

The first problem encountered in this program was poor electrochemical 

behav or. For this reason, measurements were undertaken to determine whether 

the e ectrolyte is well behaved under equilibrium and this was established. 

Thus, classical electrochemical investigations can be carried out in these 

gases. In addition, not only can the solute density be varied but that of 

the solvent can also be varied. 

In order to obtain information on dynamic characteristics, such as 

overvoltages, special cells were constructed. These were required because 

the dense gaseous ammonia solutions have pressures in excess of about 110 

atmospheresand temperatures above about 133OC. 

glass cells from rupturing, the cells were placed in a pressure vessel and 

external pressurization used. Because of the restrictions on the cell 

geometry, imposed by use of the pressure vessel, a four-probe DC technique 

was used for measuring conductivities. 

of the electrode systems tried (Pb, Zn, T1, and Cd amalgam/insoluble salt) 

displayed such poor characteristics that appreciable current could not be 

drawn, and hence useful overvoltage studies could not be made. However, 

This program has uncovered facts pertinent to such 

In addition, to keep the 

At the time of the measurements, all 

* 
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further work has shown the electrode half-cell (Ag/AgNO -NH ) to be almost 

reversible, permitting reasonable currents to be passed. Some of the 

experimental difficulties have been lack of useable reference electrodes, 

high electrolyte resistance for most of the standard electrodes, and a 

3 3  

tendency to bubble which has been severe in the liquid state in absence of 

a pressurizing gas as compared with the experiments in the literature. 

Having established behavior of these electrolytes for equilibrium studies, 

dynamic studies were initiated to explore the differences in behavior 

between these solutions and liquid electrolytes. The electrodeposition of 

silver out of AgNO -NH was studied as an example of the dynamic behavior 

at the dense gaseous electrolyte-electrode interface as compared with liquid 

electrolyte-electrode interface. Since, in the dense gaseous case, bubbles 

should not persist at the surface of the electrode, it was anticipated that 

significant differences in electrodeposition might be observed. It was found 

that on increasing the temperature from -78' to 145OC, the crystallinity 

increased. The low temperature deposits were very coarse, bulky, and dark. 

At about 100°C, the surface was metal1 ic. The surface became sparkly above 

the critical point and a dendrite crystal growth was observed. It is 

suggested that this technique may be useable for preparation of single 

crystals or wh iskers. 

3 3  

The conductivity of AgNO -NH, solution was measured to support the 3 )  
silver growth experiments. 

gas state. It is probable (cf. the experiments of Sourirajan and Kennedy 

This conductivity was very high in the dense 

on the solubility of sodium chloride in dense gaseous water) that under more 

extreme conditions, one might obtain conductivities well in excess of those 

obtainable in the corresponding liquids at room temperature. 
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nned. A spe 

and s tu the rties of d 

Prel iminary exper were undertaken. 

obtained. 

In addition to the experimental program, a parallel thesretical effort 

was undertaken to extend the understanding of the nature of these dense 

gaseous electrolytes. In the first of these, data obtained on another 

program on the energy of attachment of NH to C s  wereconverted to the 

thermodynamic properties of C s N H  in the gaseous state. In the next, the 

solvation of C s  in liquid ammonia was investigated using these results. This 

was then applied to the ionization of C s C l  in NH and a preliminary extension 

of the analysis to dense gaseous electrolytes has been initiated. 

+ 
3 

+ 
3 

4- 

3 

The approach of Fowler and Guggenheim has been somewhat extended and 

refined. When both dielectric constant and solvation were introduced into 

theoretical statistical equations using the experimental thermodynamic values 

for CsNH3 , the calculated ionization constant was too large by two orders of 
magnitude. For this reason a detailed analysis of the effect of the state of 

the solvent on the solvation process was carried out. 

+ 

As a result of this 

of c 
that 

bond 

analysis, in addition to the two liquid properties, dielectric constant and 

solvation, association or hydrogen bonding must be introduced. When this 

The preliminary analysis of the application of these results to the ionization 

gaseous ammonia showe wo opposing effects 

tend to mainta ion temperatures hydrogen 

ng is strong so that dielectric constant is large and solvation small. 

-8%- 



With increasing temperature, hydrogen bonds a re  broken so the d i e l e c t r i c  

constant becomes smaller, t he  f r a c t i o n  o f  monomeric solvent increases, and 

the extent  o f  s o l v a t i o n  'increases. inso far  as c o n d u c t i v i t y  i s  concerned, 

the la rger  (more solvated) ions a t  h igher temperature encounter smal l e r  

v i s c o s i t y  (due both t o  lower dens i t y  and lesser associat ion), so t h a t  the 

increased s o l v a t i o n  a t  h igher temperatures i s  not  adverse. The opposing 

e f f e c t s  do not  counterbalance e f f e c t i v e l y  s ince the decrease i n  d i e l e c t r i c  

constant has a much la rger  e f f e c t  on i o n i z a t i o n  than does the increase i n  

solvat ion.  Thus, i t  can be-seen t h a t  i n  s p i t e  o f  the lower d i e l e c t r i c  

constant i n  the dense gases as compared w i t h  the l i q u i d  state, t he re  i s  - 

increased so lvat ion.  There appears t o  be a tendency f o r  the i o n i z a t i o n  

constant i n  e l e c t r o l y t i c  so lu t i ons  t o  remain somewhat constant as the two 

competing f a c t o r s  operate against  each other. 

, 
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APPENDICES 

1. E lec t rodepos i t ion  o f  S i l v e r  

A patent a p p l i c a t i o n  has been f i l e d  by NASA on t h i s  c r y s t a l  growing technique. 

2. Special equipment developed i n  t h i s  program 

Some o f  t he  spec ia l i zed  equipment developed i n  t h i s  program a r e  included i n  

a paper t o  be presented a t  t he  meeting o f  American Vacuum Society, May 7 through 

9, 1969. The equipment i n  t h a t  paper was developed both on t h i s  program and 

another NASA program, namely "Advanced Fuel Synthesis". An abs t rac t  fo l lows.  

f 3. The t h e o r e t i c a l  treatment i n  the  paper on the  Cs(NH ) species has been ref ined, 3 
add i t i ona l  terms having been introduced a t  t h e  request o f  a referee. When 

the  papers appear i n  pub l i ca t ion ,  therefore, they w i l l  have a s l i g h t l y  d i f f e r e n t  

numerical value because o f  t h i s .  
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ABSTRACT 

On a program invo lv ing  the  synthesis and i s o l a t i o n  o f  molecular metals such 

as NH4 and N(CH ) 
these metals by the e l e c t r o l y s i s  o f  the corresponding ha l ides  i n  l i q u i d  ammonia 

a t  -78OC t o  t r a n s f e r  themyand then t o  concentrate and i s o l a t e  them by pumping 

ammonia o f f  f rozen metal-containing so lu t ion .  

one o f  the approaches used here has been t o  synthesize 
3 4' 

The metals i n  s o l u t i o n  a r e  s e n s i t i v e  t o  t races o f  i m p u r i t i e s  such as water- 

l i k e  mater ia ls  on the g l a s s  surfaces. The system i s  so designed t h a t  the 

i n i t i a l  s o l u t i o n  o r  por t ions  o f  subsequent so lu t ions  conta in ing  metal i s  used 

t o  f l u s h  the t r a n s f e r  l i n e s  and the e l e c t r o l y s i s  chamber. Several devices are  

described i n  d e t a i l ,  namely a s a l t  adder, a r o t a r y  d i v i d e r  f o r  l iqu ids ,  and a 

cryopumped c o l l e c t i o n  c e l l .  

"This work was sponsored by the  Nat ional  Aeronautics and Space Admin is t ra t ion 

under contracts  NAS7-551 and NAS7-326. 
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